Successful growth and development of the posthatching blastocyst and pregnancy establishment are a result of the interaction between a competent embryo and a receptive uterine environment. We examined the global transcriptome profiles of the Day 16 bovine conceptus and pregnant endometrium tissues using RNA-Seq to identify genes that contribute to the dialogue during the period of pregnancy recognition. Using stringent filtering criterion, a total of 16 018 and 16 262 transcripts of conceptus and pregnant endometrium origin, respectively, were identified with distinct tissue-specific expression profiles. Of these, 2261 and 2505 transcripts were conceptus and endometrium specific. Using Cytoscape software, a total of 133 conceptus ligands that interact with corresponding receptors on the endometrium and 121 endometrium ligands that interact with corresponding receptors on the conceptus were identified. While 87 ligands were commonly detected, 46 were conceptus specific and 34 endometrium specific.
INTRODUCTION
Among domestic mammals, the prolonged period of conceptus elongation before implantation is a unique feature of early pregnancy in ruminants and pigs [1] . Possibly as a result of this delay in implantation, ruminants have evolved a unique signaling mechanism to permit communication between the conceptus and the uterine endometrium to prevent luteal regression before implantation [2] . Successful growth and development of the posthatching blastocyst and pregnancy establishment are a result of the interaction between a competent embryo and a receptive uterine environment [1, 3, 4] . Therefore, it is rather paradoxical that both players are more or less autonomous for the first 1-2 wk of pregnancy. For example, the bovine embryo can grow to the blastocyst stage (Days 7-10) in the complete absence of any interaction with the female reproductive tract (i.e., in vitro). Similarly, a pregnancy can be established in a uterus that has never been exposed to an embryo, following embryo transfer on Day 7 [5, 6] , supporting the notion that the initial stages of uterine preparation to support pregnancy are independent of the presence of the embryo. Furthermore, the uterus does not respond to the presence of a conceptus in terms of detectable changes in the endometrial transcriptome for at least the first 13 days of pregnancy [7] . Subsequent development is, however, dependent on precise interaction between the conceptus and uterus. For example, posthatching conceptus elongation is entirely maternally driven, failing to occur in vitro [8, 9] and also failing to occur in vivo in the absence of uterine glands [10, 11] . In turn, the elongating conceptus secretes copious amounts of interferon-tau (IFNT), which acts on the uterine luminal epithelium to suppress the transcription of estrogen receptor alpha and oxytocin receptor genes and thereby the release of luteolytic pulses of PGF2alpha, thus sustaining sufficient corpus luteum (CL)-derived progesterone for pregnancy maintenance. Furthermore, the conceptus must elicit the appropriate transcriptional response from the endometrium to ensure survival [12] [13] [14] .
Significant progress has been made in our understanding of the temporal changes that occur in the transcriptome of the bovine uterine endometrium in early pregnancy [7, [14] [15] [16] [17] . Until recently, we had only a rudimentary knowledge of the genes and pathways governing growth and development of the bovine conceptus; despite a large number of studies describing gene expression profiles in bovine embryos up to and including Day 7 [18, 19] , relatively little information existed for the posthatching embryo and elongating conceptus. This period of development is arguably more important as a significant proportion of all embryonic loss occurs between Days 8 and 16 of pregnancy in cattle [20] . Recently, using RNA-Seq, we published the first detailed blueprint of the transcriptome of the bovine conceptus at five key developmental stages from Day 7 to Day 19, encompassing blastocyst hatching and progression from a spherical to an ovoid, tubular, and filamentous structure around the day of maternal recognition of pregnancy (Day 16) and at initiation of implantation (Day 19) [21] . Up to now, most studies have tended to focus on either the conceptus or the maternal endometrium rather than the crosstalk between the two. Therefore, using the conceptus data referred to above and recently generated RNA-Seq data from bovine endometrium at Day 16 of pregnancy (Forde et al., unpublished) , the aim of this study was to interrogate the interaction between the bovine conceptus and associated pregnant endometrium around the critical window of maternal recognition of pregnancy in order to identify ligands and receptors on both tissues involved in the interaction necessary to establish and maintain pregnancy.
MATERIALS AND METHODS
All experimental procedures involving animals were licensed by the Department of Health and Children, Ireland, in accordance with the Cruelty to Animals Act (Ireland 1897) and the European Community Directive 86/609/EC and were sanctioned by the Animal Research Ethics Committee of the University College Dublin. Detailed materials and procedures were as described earlier [16, 21] .
Treatments and Synchronization of Animals
Crossbred beef heifers, predominantly Charolais and Limousin cross approximately 18 mo old, were used. Treatment of the heifers to collect in vivoderived bovine embryos and endometrial tissues was carried out as previously described [16, 21] . Briefly, the estrous cycles of heifers (n ¼ 16) were synchronized using an 8-day CIDR treatment (Controlled Internal Drug Release device, 1.94 g P4; InterAg, Hamilton, New Zealand) with administration of a prostaglandin PGF2a analog (Estrumate; Shering-Plough Animal Health, Hertfordshire, U.K.; containing 0.5 mg cloprostenol) the day before CIDR removal to ensure complete regression of the CL. Animals were checked for signs of estrus regularly, and only those heifers that came into standing estrus (Day 0) within a narrow window (36-48 h after CIDR removal) were used. All heifers were kept under identical conditions and inseminated with semen from the same bull.
Day 16 Conceptus and Endometrial Tissue Recovery and Handling
Following slaughter on Day 16 post insemination, the reproductive tract of each heifer was recovered within 30 min of slaughter and immediately placed on ice. In the laboratory, uterine horns ipsilateral to the CL were flushed with 20 ml PBS supplemented with 3% fetal calf serum to recover the conceptus. All embryos were washed in PBS and then immediately snap frozen in liquid nitrogen and stored at À808C with a minimum volume of PBS. Only morphologically intact conceptuses were selected and processed for RNA extraction. Similarly, collection of endometrial tissues was done as described earlier [15] . Briefly, strips of intercaruncular endometrial tissue portions were carefully removed using curved scissors, immersed in RNAlater (Sigma, St. Louis, MO) and stored at 48C for 24 h. Subsequently, these samples were transferred from RNAlater to RNase/DNase-free tubes and stored at À808C until processed for RNA extraction.
mRNA Extraction and Sample Handling
The procedures of mRNA extraction were carried out as described earlier [21, 22] . Five biological replicates of each sample (conceptus and endometrium) were used to isolate mRNA for generation of cDNA libraries. Initially, total RNA was isolated from individual morphologically intact Day 16 conceptus and ;100 mg of endometrial homogenate using the TRIzol reagent (Invitrogen, Paisley, U.K.) per the manufacturer's instructions. RNA cleanup and on-column DNase digestion were performed using the Qiagen midi kit (Qiagen, West Sussex, U.K.) followed by two rounds of polyadenylated mRNA selection using Dynabeads mRNA DIRECT Kit (Invitrogen). The extracted mRNA (without amplification) was initially fragmented by incubating the samples at 708C for 5 min in the presence of Fragmentation Buffer (Ambion, Warrington, U.K.) and subsequently random primed for cDNA synthesis and library preparations. This procedure was among the best methods according to a recent study [23] .
Generation of cDNA Libraries and Sequencing
Following the Illumina procedures (Illumina, San Diego, CA) for sequencing samples, the first-strand cDNA was synthesized using a SuperScript II Reverse Transcriptase Kit, 1 lg random primer and 10 U RNaseOUT (Invitrogen), 10 mM dNTP, and 10 ng T4 Gene 32 (New England Biolabs, Wilbury Way, U.K.) in a final 20-ll reaction volume. Subsequently, the second-strand cDNA synthesis was carried out as described previously in detail [21] by incubating the first-strand cDNA synthesis product in the presence of second-strand buffer, RNase H, dNTP, and DNA polymerase. Library preparation, cluster generation, and sequencing processes were carried out using the standard Illumina RNA-Seq procedures for Genome Analyzer Sequencer, except for diluting the adaptors and primers to one-fifth of their original concentration. Finally, quality and sizes of the products were checked using the Agilent DNA 1000 kit of Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA), and the library quality and an insert size of approximately 200 base pairs were confirmed.
Quality Control and Aligning the Reads
The raw image data was converted into intensity scores and base calls with associated quality scores in the form of FASTQ files by the Sequencing Control Software (SCS) and Illumina pipeline software programs. These reads were aligned against the bovine Bt4 genome sequence using ELAND (Efficient Local Alignment of Nucleotide Database), an algorithm within the Illumina Genome analyzer pipeline software. In order to minimize false positives, tolerances were set to allow no more than two mismatches during each alignment. Predefined splice junctions, based on version 54 of the Ensembl bovine annotation, were generated and combined with the Bt4 (2007) sequence to enable detection of reads overlapping splice junctions. We used the ENSEMBL bovine genome annotation version 54 as input to the Illumina CASAVA (Consensus Assessment of Sequence and Variation) software tool and mapped the reads to annotated exons. Reads that aligned to multiple genomic locations and ambiguous reads were ignored in the subsequent analysis. This classification categorized the output as either reads distinctly mapped to the known coding region or reads that aligned to multiple locations and ambiguous reads that were ignored in the subsequent analysis. We took the read counts per transcript and generated RPKM values (reads per kilobase of exon per million mapped sequence reads) for all annotated genes, transcripts, and exons. Genome Studio (Illumina) was used to visualize the aligned reads on the bovine genome. In our experience, using a denominator of total reads mapped to the exome provided better within group correlations than total mapped reads or total library size.
Transcript Filtering and Annotation
In order to identify the most promising transcripts with high repeatability in both tissue types (conceptus and endometrium), only transcripts detected in at least four of the five replicates with at least 0.5 RPKM values were considered present for this analysis. The resulting filtered transcript lists were used for further comparison of the two profiles and detection of differentially expressed transcripts. Moreover, the total and differentially expressed transcripts were also analyzed using the Ingenuity Pathway Analysis (IPA) tool (www. ingenuity.com) to take advantage of the available ontology, pathways, biological functions, and network information contained therein.
Cytoscape and MiMI for Conceptus-Maternal Crosstalk Analysis
Interaction analysis was performed using Cytoscape software [24] and MiMI plug-in [25] . Cytoscape provides a platform to integrate and visualize interaction networks of gene expression data. MiMI plug-in for Cytoscape integrates protein-protein, protein-DNA, and genetic interaction information from various databases. Initially, the total list of genes derived from the conceptus and endometrium tissue were subjected to gene ontology annotation. Based on the cellular localizations of the annotated genes in both tissues, those allocated to the extracellular space and receptors on the plasma membranes were identified. According to the gene ontology, extracellular space refers to that part of a multicellular organism usually outside the plasma membranes and occupied by fluid. Gene products from a multicellular organism that are secreted from a cell into this interstitial fluid or blood can therefore be annotated to this extracellular space. In contrast, plasma membrane is the membrane surrounding a cell that separates the cell from its external environment.
In order to identify conceptus ligands that might interact with the endometrium and vice versa, two interactions were studied: 1) the interaction of ligands produced by the Day 16 conceptus, localized to the extracellular space, and receptors on the Day 16 endometrium, localized to the plasma membrane and 2) the interaction of Day 16 endometrium ligands, localized to the extracellular space, and Day 16 conceptus receptors, localized to the plasma membrane of the trophoblast.
RESULTS

Read Alignment and Transcript Detection
Following sequencing, read alignments were carried out as described earlier [21] . Reads uniquely mapped to known exons and splice junctions were identified using the CASAVA tool from Illumina. A stringent transcript filtering criterion (transcripts detected in at least four of the five sequenced replicates with a minimum of 0.5 RPKM) was used during analysis, resulting in a total of 16 018 and 16 262 transcripts in Day 16 conceptus and pregnant endometrium tissue, respectively, which were used as a basis for all subsequent analyses.
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Differential Expression of Day 16 Bovine Conceptus and Pregnant Endometrial Tissue
Unsupervised clustering analysis clearly separated the overall transcriptome signatures of the two tissue types (Fig.  1) indicating distinct tissue-specific characteristics of the expression profiles. To identify tissue-specific transcripts on the day of pregnancy recognition, a comparison of all transcripts expressed in the conceptus and pregnant endometrium was performed. In total, 13 757 transcripts were commonly detected in both tissues, representing ;85% of all transcripts expressed in the two tissue types. A further 2261 transcripts were conceptus specific and 2505 transcripts endometrium specific (Fig. 2) . It should be noted, however, that commonly detected transcripts do not necessarily exhibit similar expression levels in these tissues, as illustrated in Table  1 . For example, the gene Block of Proliferation 1 (BOP1) was commonly detected in both tissues; however, its expression was more than 265-fold higher in the conceptus compared to the endometrium. Similarly, the expression of another commonly detected gene, Matrix Gla Protein (MGP), was more than 371-fold higher in the endometrium compared to the conceptus. Thus, ignoring commonly detected transcripts between the tissues may mask some potentially important genes involved in maternal-conceptus crosstalk.
Analysis of the Conceptus-and Endometrium-Specific Transcript Distribution
In order to understand the functional roles of the conceptus-and endometrium-specific transcripts, we used annotations from the IPA tool. Of the 2261 conceptus-specific transcripts detected, 1065 genes have been assigned a biological process and/or cellular localization. Similarly, of the 2505 endometrium-specific transcripts detected, 1324 genes have a known biological process or cellular localization. Consequently, the transcripts of both tissues were classified to various functional groups (cytokines, enzymes, growth factors, ion channels, receptor, transcription regulators, and so on; Table 2 ). Despite the relatively proportional numbers in each category, the identities of categorized 
Gene
Accession no.
Average RPKM values 
Day 16 conceptus
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CONCEPTUS-ENDOMETRIUM INTERACTION
transcripts were quite different between the two tissue types, as shown in Table 3 .
Molecular Interactions Reflecting Embryo Maternal Communication
Using the interaction analysis module of the Cytoscape software, subsets of molecular interactions between Day 16 conceptus and endometrial tissue were generated. A total of 127 conceptus-expressed ligands that interact with corresponding receptors expressed on the endometrium and 115 endometrium-expressed ligands that interact with corresponding receptors expressed on the conceptus were identified (Table  4; see also Supplemental Table S1 ; available online at www. bioreprod.org). These ligand-receptor interactions, generated on the basis of studies in other tissues (for references, see Supplemental Table S1 ), represent the most comprehensive list of potentially secreted molecules in the conceptus that interact with the endometrium and vice versa.
Some of the ligands, though produced in either the conceptus or the endometrium, interact and modulate the activities of both tissues. For example, IFNT secreted by the conceptus is known to interact with its receptors (IFNAR1 and IFNAR2), which are found in both tissues. BMP7 produced by the conceptus interacts with its receptors (ACVR1, ACVR2A, ACVR2B, BMPR1A, BMPR1B, BMPR2) localized in both tissues. Similarly, IGF1 and EDN3 ligands secreted by endometrium also interact to their respective receptors (IGFBP3, IGF1R for the former and EDNRA, EDNRB for the latter ligand), localized in both tissues to modulate their effects.
Of the 127 detected conceptus ligands for which we detected transcripts for receptors on the endometrium and 115 endometrial ligands for which receptors were detected on the conceptus, 87 ligands and their receptors were commonly detected in both tissues, while 40 and 28 ligands were conceptus and endometrium specific, respectively (Fig. 3) . Further interrogation of all conceptus/endometrial detected ligands revealed that six ligands (AGT, C1S, CXCL16, IGJ, MST1, and TAC3), detected in the conceptus and with a receptor on endometrium, were also detected in the endometrium. However, no corresponding receptors were detected on the conceptus. Similarly, six ligands (IL12A, IL23A, LGALS3, NPY, POMC, and TNFSF9), detected in the endometrium and with a receptor on the conceptus, were also detected on the conceptus. However, no corresponding receptors were detected on the endometrium.
DISCUSSION
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endometrium were identified, suggesting that additional conceptus-derived molecules other than IFNT may modulate the endometrium during pregnancy recognition, in agreement with a recent report [17] . In addition, 115 endometrium-derived ligands with cognate receptors on the conceptus were also identified. Although biological systems encoded by a common genome can manifest highly diverse dynamics [26] , we believe that these genes may play important roles in crosstalk during maternal recognition of pregnancy and conceptus development. The detection of novel transcripts and known genes not previously associated with the embryo-maternal dialogue may open a new dimension to the future study of maternal recognition of pregnancy and the identification of key pregnancy recognition markers in cattle and other mammalian species.
In comparing the two tissue types (conceptus and endometrium), ;85 % (13 757) of the transcripts were detected in both but with various abundances, possibly reflecting the relative importance of a particular gene for the tissue in question, as illustrated in Table 1 . Similarly, despite the detection of OXTR in both cyclic and pregnant endometrium tissues (Forde et al, unpublished) , the average intensity was more than seven-fold higher in the cyclic compared to pregnant endometrium, in line with other published data [27] . Therefore, common detection alone should not undermine the potential importance of a particular transcript in a particular tissue. Functional information about most of these genes described here in relation to bovine pregnancy and/or embryo maternal communication is scarce. A detailed analysis of all genes is beyond the scope of this article; however, some brief reviews are made in the following sections, and the reader is referred to the accompanying references for further details.
Of the 2261 conceptus-specific transcripts ( Fig. 2) , ;20% were identified as differentially regulated genes in the Day 16 conceptus compared to other developmental stages in our previous study [21] . Interestingly, the 20 most abundant conceptus-specific genes, identified on the basis of expression values (Fig. 2) , were all among the differentially regulated genes in that study [21] . Information regarding the roles of the majority of these genes in bovine embryo development and/or embryo-maternal dialogue has not been reported. Exceptions include the trophoblast Kunitz domain protein genes (TKDP) [28] [29] [30] , pregnancy-associated glycoproteins [31, 32] , and IFNT [2, 33, 34] . These genes were also among those upregulated during conceptus elongation in an earlier study comparing Day 7 and Day 13 embryos derived in vivo or in vitro [35] .
Similarly, information on the roles of most of the 2505 endometrium-specific transcripts in pregnancy is very scarce. In agreement with previous reports [7, 13, 14] , various interferon-stimulated genes (ISG15, IFI27, IFIT1, RSAD2, MX2, UBA7, and OAS family genes) were among the 20 most abundant genes in the Day 16 endometrium (Fig. 2) . ISG15 is a key component of mammalian antiviral immunity [36, 37] . Although the biological activities of ISG15 have yet to be fully elucidated, ISG15 has the capacity to modulate diverse cellular and physiologic functions [38] and has been proposed as a marker of pregnancy because of its detection in blood [39] [40] [41] . IFI27 was one of the induced genes in the human endometrium within the putative window of implantation [42] , and IFIT1 family genes have a multitude of effects on cellular and viral functions, such as translation initiation, virus replication, double-stranded RNA signaling, cell migration, and proliferation [43] . The roles of the OAS family of genes as a critical component of the innate immune response to viruses [44] have been reported. Moreover, RSAD2 is induced by various factors, including type I, II, and III interferons [13, 45, 46] , and, to our knowledge, its role during pregnancy is not well established. In our earlier study, RSAD2 was one of the genes induced as a consequence of in vivo intrauterine IFNT infusion [7] .
The tissue-specific ligands and receptors described in Table  4 illustrate the subsets of possible interactions between the conceptus and endometrial tissue around the time of maternal recognition of pregnancy. The identified tissue-specific genes include those previously known to have developmental roles and a number of known transcripts that were not reported to have roles in the conceptus at this developmental stage. These genes act through paracrine/autocrine mechanisms to modulate various physiological roles. Most ligands produced by either of the two tissues potentially bind to their receptors and binding proteins in the other tissue to regulate/modulate their biological roles. For example, the ligands AGT and IL27, produced by the conceptus, interact with their receptors (AGTR1 and IL27RA, respectively) present on the endometrium. Similarly, IL15 and TNFSF9 produced by endometrium potentially interact with their receptors (IL2RG and TNFRSF9, respectively) present on the conceptus.
Compared to our earlier analysis [21] , we used very stringent criteria to filter out transcripts with lower repeatability across the five sequenced replicates. The current illustrated interactions represent the most comprehensive published to date and will help to extend our understanding of embryomaternal interaction and pave the way for further investigations. All mammalian uteri contain endometrial glands that synthesize or transport and secrete substances essential for survival and development of the conceptus (embryo/fetus and associated extraembryonic membranes) [47] . From sheep data, it is known that the presence of the conceptus and/or IFNT can induce the expression of genes in the luminal epithelium and glandular epithelium that are not ''classical'' type I IFN genes [48] . Moreover, protein products of some of these genes have been shown to enhance proliferation of trophectoderm cells, indicating that maternally derived products drive the elongation process. For example, BTC may play a pivotal role as a local growth factor in promoting the differentiated villous trophoblastic function in the early placenta and in contributing to placental growth [49] . Moreover, interaction analyses based in other systems revealed that a large number of ligands expressed in the endometrium (such as HGF, IGF1, MSTN, CTGF, RBP1, and TIMP2) play a role in cell proliferation [50] [51] [52] [53] . Moreover, some of these genes (including CTGF, RBP1, and TIMP2) have been localized to the luminal and glandular epithelium in cattle and sheep, indicating that they are likely secreted into the uterine lumen. The existence of receptors for these ligands on the conceptus further confirms their involvement in driving the elongation process. We propose that these ligand-receptor interactions are one of the critical conceptus-maternal interactions that take place during pregnancy recognition.
Although the central role of IFNT in pregnancy recognition in ruminants has been known for a long time, recently different studies [2, 17] point to the possible existence of other potentially important molecules. From the conceptus point of view, a significant number of ligands-other than IFNT-are secreted during the period of pregnancy recognition (including ADCYAP1, AGT, APOH, FGF10, GPI, and CD70), and these, as well as other ligands, are involved in cellular remodeling [54] [55] [56] [57] [58] . We hypothesize that secretion of these proteins by the conceptus and binding to their receptors in the endometrium may play a role in endometrial remodeling in preparation for implantation.
CONCEPTUS-ENDOMETRIUM INTERACTION
Detection of the gene for a particular ligand in either the endometrium or the conceptus does not by itself prove that it is a secreted product. Proteomic analysis data of uterine histotroph composition in various mammalian species have identified a number of the ligands detected in the current study to be constituents of the histotroph, including sheep: APOA1, AHSG, EDN1, GPI, IGFBP2, IGFBP3, and TF [59] [60] [61] ; cattle: FGG and GSN [62] ; buffalo: MMP2, TIMP2, and TIMP3 [63] ; pig: CLU, CTGF, HP, IGFBP2, IGFBP3, MMP2, PTN, RBP1, TF, and TIMP2, [64] [65] [66] ; and human: AGT, AHSG, APOA1, APOE, APOH, CLU, COL1A2, C3, FBLN1, FGG, GSN, HP, HRG, IGJ, IL18, LGALS1, PLG, TIMP3, TTR, TF, and TIMP2 [67] .
To our knowledge, a role for most of these genes during embryo development or embryo-maternal communication has not been reported previously. This study is the first to reveal the presence of many of these genes during pregnancy recognition and would suggest that while IFNT is of prime importance at the time of maternal recognition, other conceptus-derived molecules may also play a role in eliciting pregnancy-specific changes in the endometrium, as has been suggested in a very recent study where changes in the endometrial transcriptome due to the presence of a conceptus (i.e., pregnant vs. cyclic) were compared with those due to the infusion of human IFNA2 [17] .
